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EXECUTIVE SUMMARY

The purpose of this project was to extend periodic sorption cooling technology
demonstrated at 10 K to continuous operation. In September 1992, Phillips Laboratory
awarded contract F29601-92-C-0 112 to the Aerojet Electronic Systems Division (Azusa,
CA) for the development of a continuous, long life spacecraft cryocooler capable of
providing simultaneous cooling at 80 K, 35 K, and 10 K.

The contract was structured in three phases. The basic phase consisted of conceptual
cryocooler design and identification of critical technologies requiring additional
development. Option 1 encompassed the preliminary design of the cryocooler and
demonstration of critical techology components identified in the basic phase. Option 2
provided for the design, development, fabrication, and performance characterization of an
engineering demonstration model (EDM). The basic phase also included a downselect of
competing technologies, at which time Aerojet was selected to continue on with
subsequent options.

Aerojet's concept for meeting the requirements specified in the contract (listed in table
1.0) consisted of using conventional cryocooler technology for achieving cooling at 80 K
and for precooling the 35 and 10 K (lower) stages. Sorption technology was
implemented in the two lower stages to achieve cooling at 10 K and 35 K. Hydrogen was
selected as the working refrigerant for the two lower stages, with each stage having its
own separate circuit. Cooling at 80 K was intended to be provided by any suitable
commercial technology available (Stirling, Pulse Tube, Brayton, etc.). As a result, the
emphasis on this program was to develop sorption technology capable of long life and
continuous operation required for spacecraft applications. The conceptual design
developed for this program is shown in figure 1.0.

3rd Stage Cooling Load 0.15 W @ 10 +-0.1 K
2nd Stage Cooling Load 2.0 W @ 35 +/- 1.0 K
1st Stage Cooling Load 5 W @ 80 +/- 2.0 K
Rejection Temperature 290 +/- 10 K
Power Supply 28 Vdc +/- 20%
Input Power (maximum) 1000 W
Cooler Weight (maximum) 100 kg
Total Vehicle Effective Weight (goal) 250 kg
Vibration (maximum) 0.05 N
Service Life (minimum) 2 Year Ground; Greater than 10 Year On-orbit

Table 1.0 Requirements for 10 K Spacecraft Cryocooler Development Program

The contract with Aeroject Electronic Systems Division was initiated on 29 Sep 1992 and
was de-scoped on 4 Nov 94 due to lack of available funding to complete program
objectives. This program was originally jointly funded by the Ballistic Missile Defense
Organization (BMDO) as well as the Brilliant Eyes (BE) Program Office. The reduction
in scope of this contract was necessitated due to a change in program priorities within
those organizations. Phillips Laboratory was unable to secure adequate resources to

1
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Figure 1.0 Conceptual Schematic of 10 K Spacecraft Cryocooler
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continue the program using only Air Force Science and Technology funds. At the time of
the reduction in scope, there were insufficient funds to complete a traditional final report.
As a result, this report provides a historical summary of technical accomplishments
completed during the course of this program. The body of the report contains material
presented at Technical Interchange Meetings as well as a compilation of significant
monthly technical progress reports.

At the conclusion of the program, Aerojet has completed the basic conceptual design
activity and had been authorized to proceed with preliminary cryocooler design and
critical component demonstration. Due to funding constraints, only thermal modeling of
the expander and compressor components (shown in figure 1.0) were completed. At the
time of commencing option 1, the program was restructured to only focus on developing
a sorption cooling loop for 10 K. Table 2.0 provides a summary of performance of a
cryogenic system that resulted from the conceptual studies conducted during the basic
phase of this effort.

Parameter 3rd Stage 2nd Stage 1 st Stage Total
Net Cooling Load (W) 0.15 2.0 5.0 -

Parasitics (W) 0.03 0.2 0.0 -

Precooling Load (W) 0.0 0.52 5.78 -

Gross Cooling Power (W) 0.18 2.72 10.78 -

Input Power (W) 24 296 432 752
Mass (lb) 6.9 31.5 17.5 56
System Effect. Mass (lb) 12.9 105.5 125.5 244

Table 2.0 Performance Prediction of Baseline Cryocooler



zItO

LU

0 zo 0

w Uw

0

a. Li.I - 0U0 w~ o Z
o -J

Si-,
< 0

00

uLi



CLO
DWID

LUJ
0L

0 4)Z

C/)4 o
~co a. .Co

0 OBB" 000 0

lo) 000 . a L

Lu. 
50 000)

<a 0 a
U.. -V) 00

-0 0 B 0E
L ow 0a L ow 0

.20 0 iB.-

0 Tomw0 0 >om
0a 0 _M

0 I- U)) L. C20 4
0 0 00

T0 ..- 0.Cu

00 C2 (lfl- Cw
SBBMIa) 0 ... a

0 0 " >
BE0.

cn 1. M



0 -1

Css ac

CL CL 0
L.0 0

LM 'a

0 3.0D

Cm cm 1 .

0 0 -100 .0 .z .'

0 * 0

ý a E'

fu a. w6



z 

0

0

I. 0
r. (U :2 2 2

0 L 0) Zu C aU) 0
0 E < 0 0

0 0)! 0) 00 00

M > 0(0
LM C M _ 0 . I 0

0 Cl _)c Ec

(A -00)0 0Cgo
0o 0

.COM 0 CC ~ 0 . 0  >- .0
0 0 M 0 C OO -wCW 0 0 E (LnCnO

.0 00~ Q.

0 ~ > 0o

LM 000 cc0 0 0
.C 0. Lo

00 U 0 0

0C 
j .

0 0 0

0 0

* 0

LM o a as 7



* C

o 0 xLU. 0

Wq) CCO
01 x x

(D cL. wW~x
LM- 0-0I

Omm ~L M a-I 0 00 00 1. 2?L
'O0 0

0 4
00 0 0 o17 L

OX I-

0w =. 0
>oEE0 (A

(0 2 0CI LO 0
0 0

-0 00XO 00L
C LM C100-r O .

4)0. 0 :20) 02 a cc
L. ~ ~ CM 0 0 4.00 03iOE 0. oL .W

.0 0 0. 0 4. 0.CY

0j E~g 0~~ L) L., cl 0.I-

E <0
CL. a r. 0

-0 00 Lo c
~01.0 c- 0t IOU

0D 0 0

*) C

GERMS 8



CL r

0

L.

001

1~ 0CD 01.1

w 0

CL 0co = a- 1

0 ~ 10

co) C.D -1

00 0. 0. 0. oC4 A
0. 0 0 0mV

Cl) 0) 0 0) 0
0a 75 C

0 0 0 0

E 0 0>0
I=



m~ r ~m D

i t 0) v0) *LO a

0, %,0_)-
0 1 0

0 <

00
ABOc

0BB 0 CD C

0 
Eh~

LUO 
0 

00

cu& .BBB 0  t!2'

*0 >cO

I-00

EU0E ii Lo. L

0. >- I 0 .0E .0 130 0

C OO M it). .C0~C a -

BE 0 %
(U a. C C L

E 0B

iB-0 "ft. 0 0o 0 .. E (

0 m 0 Ec .3 '



L J O ... ........ ........ . . .....

Z N .. .. ......

..... ... .. .. . . ....., ....

....... a ...... ........

... ..e. ..... .. ...

L U ...,- ... ... .

C L --- ----- --

.... .. ............. .... L... ..... ... ..........

<I

C, ........

.. ... ...-

-- --- - ... ... .... .~ .. .... .

70 ... .. ....

... ... . ...

ZE .= T.~ t .. .....
C.) t O 1 6 . 2-



u0'

WIU

Zi CL Cl)
Cw uic) I-wL z

0 0i
0nzC z C0)
0 0C/J

z 0L U
C/ 0 j

I-0 0 0 0 0

0=

0~



CLJ

m u)
u 0~

ww

0. Cl0
w w

Cl) ui
wl L

0 0 00 .
0L2 l

0 >

.1.



CLi

C3'

I - -a-I

0

oy 0o

0U

C . . ) 0 0 L

00
0O 7a..Q

~CC/,~~0 0  00-c

Cl)l



CLi

UP U)

-C =

U).U) .-

U)0 E
c,) E

U) 0.C~

0: 0 a)

o 0) U)

o 0 -

0-~

Z) L- U) 0

00 U3 ) 00-
0) 0/ _r_ L-

0 - -D a) U

j IL E C:
UJ CL0 0na)c

Cfliz 0P- >d
c n0 ) a~ ) 0 _

C:0) 0 U)

co 0 CD 0L .0

(Dn 0 D( n a
00



CL.

Lm u
u___ 0

Cl)

- ~ C/)w C/,

F- 0 Md

C)C

Cn %4-4 a

o 0z 0C)a

a))
I-. ~ C aco C:aa ,

-c E -o U) Cw = 0
Ca,0 a,. : a

a, a, C E0

U) C) CL .

0- Cz () a,a.. 0 C(1 U
4-' C/)wz 01 0- a, CZ

oL -Ij

o) 0 0

CL E I'



Cu 10
0~-I-- ON

LiDin
w=

WE-

in CL

00 I)w C

I- L

uCu

Z oVA EwwA'=wc-V 1ma
m L L,
r- Ev I

Cm)



m u

ui

I.JI -

UP lu ------ a

(V:I cr I

Im CL

cm 0d c ma cn *;; %

-I - _ _ _ _ C
4,

z .5 0

.0

W x La I~ .

mwm
~~EU0.41~~ o. 1U '6'*r

OW CL @

<00



CLD

zzww

w w
w C,)
-j Cl)w 1

o 0
Cl) Cl) Cl)

Cl) U-C) Cl)
wj z Wj wL

57 0 0 0
zCl)00

C. 0 0 0

z
0

0
Cl)

:1?



CLi
a U)

U00 'D

w CL

C/))

(0) (1a C/a ) 1

CZ >

CZ a) E0
0 1-C

L.. & n.

_aC ) 0 CZc a)_ / D a

D- .-U) c n lLU%)4

LLa U ) CL -

'5C -C C:C

-cn O OUP

0) > 4- - C00 ) '
LL oE-

a)U Q' Eoc

C/) L L-U 0 4- 0  a)
CL ) U)cn / L

Cl)C: cncf (flU)2

ui z , a c 0 L cn

a) a)C:0 D
0~ " 0 0 L! E C

WC wn E0 HO
L 0 CL I (L I' (

L-) E- E

IM) 0 0 0n

02



U0.zH
ww

wo I 
-

w 0w

0>

a 1a

LU (I,
(D w

-Wm6

Cf) 00-o I 00

I CL

0~~ 0

kj La zc(n.

-J a
0 0 eec E

Cn a_ a)
Fz -0

!Rwx0 0 a

uj~~ 0 - L

00 0 0



CLC
0 >

I~C/) 0~ I

- ~C/)a 0. a,

_ _ _ _ _ E C -ga,
__ _ It.-a, c

_U 00 000

Ca, -, C)- 0nW 0c

c/ z (nQ 0)
a) %- a0

Ei czW &- a)aQ
cmE 0 ~0U)I~ .- L- >z 1 --i &- 0a

0w 01 0 0 0n 0

cn~ -iE

4- C/l)l

a) 0c/- -P0 *. - .

CC2w
00- 00

0 00

0 cc _

Cf -CD U0-

0 ~0



m u

ww

F-
< C/)
LIX

w 0C
> ~Cl

WL Cl)
x I-

IL ZwL w L
0~ 0 Z

0) 0
CDx 0.

o 0 0

z >.)
Cf) <ClD z
I- z x cc0zL 0 wU CLo

Z m -,) zo 0 0 0 0
0.CD - CD) Z

o 0 0 0 0 0
0)
-j

P

0a



CL)

uD

(1)

(1) 0 -
4 -

0 a)0

i iL 
- ( 1 )

z-I 0c0 .-

wo 'wCl) a) aC/)

0 L-0

0 1JJJ

Z~ (:; 0 0a)Z

LIJ Q~~) C :a a) a) -a C



z - E c

x CA

* 3

zz

0~0

C) _ _ _ __- c

C0 -4 E 1 4 c

- 00

0 -
0 xz CL z 0 C#

=3 : CZu 0

Oz 0 4
mz 0 ~ zn co c z

U cL a- oC . C=

x.0 
-n E D 0 n:

C) C) =C L0.. 0
(L > 00  - c--! 0~

0) co CZ 0 , o n cz
_ 0r L- - 3:

_0 0
M~ o
=O 0> 3-

X0 zc~ 0 00'.0 a

cf-) 0

01 0 0



a. xw
- In

mO CL (
c.% i LD

CLi

lu.

0

z

~-z
a 00D C:u

wora. E =>)a) U 2

C:) >%o a)0

* cn 4-a -1--

.J cz cz a
cVI C: a

O r n C C Z a )LV1- & 1c
c 0: ) 0 0~ a) nu

00*T 0a aa-> ~-
I- a)~

a) 4z CL aC)L
ua C) 0~

>0 C 0 - -CI) a) C *a) 0-

aLa Cf )WaEC c

a)a) a) CZC a0/

m m J 0/0 00



a.
mJ 0

w4-
UF 4-0

cz E

C) 0
U)

o E
L. 0

C/) =3

oD >- 0

(flU 2? U- CE

m z E -n

Q, CD 0
00 _ 0 OD E

0)

cm a) a)c (

=3E CC c ) c0-

L.. a) -Q _ 0 a, 0
a- >- -0 _0 -fý-0-

CL LL a, a, 0: c

10 -0--cDa) 0 fl U) a
09 c L

cl) 0 0



CL
u 0

@--a

u- 0

WUF
C~~ ~ CL C*V

__ _D0 0) cm cm 0) C: 0 c
(n U) U) Un U) CD U
a) a) a) a) a) E =

E E E E E 0 Qz--
4-5- Uj CL 4

0 0 0 0 0 0
E) >) 0) 0) 0)

z ~0 0 0 0 0 a)T0 0

o0) 0 0 0 0 0 a)-- )0

cm 0 0 0 0 0 >- C 0
ij a) a ) a) CD a)I- a)

0 C: a) a) 4Cia) L.. L) --

.6-0 >L 0 0 a)'
Uz 0 - 0- OF-C) c c

z
0

a)) 0~

cz0 m0o CC
40 (1 3 4 0

0f 1 0

0 0 0 .

I-) 0 0 0 C
C-) 0. 0o V0 (1) a) ~L* L- C 0 c LO) a)a0- 0- N C/)I



CLD

D -1-

ww

I-

CCD
-J F

0. 0zz
00

0m~



I- v
CL N)

u z L C/) Cf

C/) '~ NC 0CY)CY)

0) 3 v)

w CDJ

c010 .Coo C\OL0 .CDCO

C'))

-0 
0)0)~

-HI) 0) 3

1-0 C) C og31O e 4CJ(/-0,00

(0- 0' ) M Y D 0 ý

cncz

OLL Z

C)0 0 c

0 CDCn 00 " r-30



CLD

m ~u

uU
z-
LU)

aca

0 -C-

. - 5

X- C'j

-n 0 a,
< 0 .4-'-

aI a- -i E -r-

E. 0, 0
cc 0 cn 0 (na,

0 >% _0,

o m - .0-

0 a, 0 0-
E 0

0- a, Q
E % -.- , 0a

aC 0 0L.

0

LL 00



CL r
0 m0

uI 0 0

w 0l

00

0. 0

000

CD CL
2 ~CL

0 L

U)4 .C a0
0 m -N

Ci)

0u 0 ooMP 00

) 40 Lo

J woomm



10 KELVIN SPACECRAFT CRYOCOOLER DEVELOPMENT PROGRAM

MONTHLY PROGRESS REPORT

DECEMBER 1992

AEROJET ELECTRONIC SYSTEMS DIVISION
1100 W. HOLLYVALE STREET

AZUSA, CA 91702

Contract No. F29601-92-C-0112
CDRL A003

Prepared By: Neil Sherman (818)812-2698

Unclassified



Unclassified

1.0 SUMMARY

During the month of December, the cryocooler macro-analysis tool was modified
to permit accurate and conservative predictions of weight, power and performance.
Analysis showed that LaNiSn is the sorbent of choice for the high pressure hydride bed,
instead of vanadium. This being driven primarily by the 300K upper limit on the system
rejection temperature. Analysis has also shown that the system will operate at the upper
limit for vehicle effective weight (250Kg) without the third-stage low pressure heat
exchangers, which have earlier been identified as critical components. Parametric trades
were performed to quantize the "cost" (i.e. increase in vehicle effective weight) of
variations in major operating variables. These trades were performed with the two third-
stage heat exchangers removed. This provides a more conservative prediction, reflecting a
system configuration without this critical component and the associated risk.

Tests conducted by Creare have validated that one Single Stage Reverse Brayton
cryocooler will satisfy both the pre-cooling and 80K load requirements. This results in a
less complex system and substantial savings in total vehicle effective weight.

Technical activity by all critical component subcontractors is continuing. Work
will be completed in January, at which time each subcontractor will present a review of
their activities. These reviews will be held at the Aerojet facility. Government
participation is encouraged and welcomed. Figure 1 presents a detailed milestone
schedule for this program phase.

2.0 TECHNICAL PROGRESS

2.1 BASIC CRYOCOOLER CONCEPTUAL DESIGN

2.1.1 PRELIMINARY WEIGHT, POWER & PERFORMANCE ESTIMATES

Analytical Tool Upgrade

Refinement of the macro-analysis tool to permit more accurate and conservative
calculation of weight, power and performance was completed. Incorporated
modifications to the tool included:

1) Actual weight and performance data were incorporated for all
cryocooler components. All previously used algorithms for component
weight estimates were removed.

2) A Single Stage Reverse Brayton (SSRB) cryocooler was incorporated
at the upper stage. Weight, performance and power estimates for the
SSRB have been provided by Creare, Inc. and have been incorporated into the
analytical model.

Unclassificd
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First-Stage Configuration

Findings have shown that a single, 65K SSRB will satisfy both the pre-cooling and
the 80K load requirements. This results in a simpler and substantially lighter system,
replacing the four SSC Stirling units originally envisioned for this purpose. Creare has
performed additional tests on their SSRB to validate that it can provide the required
cooling capacity. Tests showed that the unit can provide 8.5W of cooling at 65K with an
input power of 350W (specific power = 41.2), and IOW of cooling at 65K with an input
power of 410W (specific power = 41). This increased cooling capacity is achieved by
increasing the operating pressure level of the unit while ensuring that the working fluid
temperature rise remains within allowable limits.

System Macro-Analysis

System macro-analysis was completed. Two major conclusions were drawn from
this effort:

1) Lanthanum-nickel-tin (LaNiSn) is the sorbent of choice for the high pressure
hydride bed instead of vanadium. This is driven primarily by the 300K upper limit
for the rejection temperature range and the effect upon second-stage reservoir
temperature. With an allowance made for the driving pressure difference within
the sorbent bed during sorption, and a generous allowance made for pressure
drops across the two second-stage recuperative heat exchangers, a 300K rejection
temperature with vanadium translates into a 1MPa reservoir pressure, which
corresponds to a 31K reservoir temperature. For LaNiSn, the same rejection
temperature translates into a 0.2MPa reservoir pressure corresponding to a 23K
reservoir temperature. Using LaNiSn as the sorbent, therefore, gives an 8K lower
second-stage reservoir temperature. Generally, for a given hydride a higher
rejection temperature translates into a higher liquid hydrogen temperature at the
second-stage reservoir. The rejection temperature would have to remain at or
below approximately 260K for vanadium to be preferred.

2) The System will operate at the vehicle effective weight (VEW) limit (250Kg)
without the third-stage low pressure recuperative heat exchangers. Figure 2
presents the sensitivity of VEW to variation in the effectiveness of these heat
exchangers. As indicated, without the heat exchangers (effectiveness = 0) the
VEW is calculated to be 251Kg. This is an increase of 28Kg assuming that you
have both heat exchangers, each with an effectiveness of 0.8 (VEW = 223Kg).
This increase in VEW results almost entirely from a 106W increase in input power
due to the loss of recuperation. Alabama Cryogenic Engineering (ACE) has
indicated that of these two heat exchangers, the lower temperature unit (the one
nearest the 10K reservoir) is the more feasible of the two. If only this heat
exchanger is kept in the system, the calculated VEW is 238Kg for an effectiveness

Unclassified
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of 0.8 (See Figure 3). This is a savings of 13Kg over the 251Kg system VEW
which results from removing both heat exchangers.

Parametric Trades

Parametric trades were performed to conservatively quantize the "cost" (increase
in VEW) of variations in major operating variables. Sensitivity coefficients derived from
the trades identify key variables and permit an assessment of the impact on VEW of
missing or exceeding the assumed baseline values for those variables. These trades were
performed with LaNiSn as the sorbent of choice, and with the two third-stage recuperative
heat exchangers removed. By not including the heat exchangers, more conservative
results are obtained with the predictions reflecting a system configuration that eliminates
one of the identified critical components and the associated risk. This configuration is
shown in Figure 4. Trade variables were: rejection temperature (baseline 300K), precool
radiator effectiveness (baseline 0.98), first-stage precool temperature (baseline 65K),
hydride compressor efficiency (baseline 75%), third-stage parasitics (baseline 30mW),
second-stage parasitics (baseline 0.2W), and second-stage recuperative heat exchanger
effectiveness (baseline 0.98). Plots are currently being made of VEW and power input
versus the trade variables. They will be available early January.

2.2 CRITICAL COMPONENT PRELIMINARY DESIGN AND TEST PLAN

Subcontracted Activities

Technical activities are continuing with each subcontractor, Aerojet is maintaining
close interactive contact to ensure efficient and productive progress. The period of
performance extends through mid-January. Afterwards, each subcontractor will present a
detailed review (at the Aerojet Facility) of their activities. It is expected that these reviews
will take place during the last week of January. Government participation at these reviews
is welcomed and encouraged.

A summary of each subcontractor's progress is presented below.

Alabama Cryogenic Engineering (ACE)

ACE continues to evaluate the feasibility for the low pressure recuperative heat
exchangers. In particular, ACE is concentrating efforts on the lower temperature (10K to
65K) heat exchanger, which is the unit closest to the 10K reservoir. This unit was
selected because it is the more feasible of the two. Their studies indicate that the
necessary heat exchanger to meet both performance and pressure drop requirements is an
extension of existing technology, well within the range of feasibility and fabrication of the
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individual heat exchanger components will not be a problem. ACE's monthly technical
status report is presented in Appendix A.

APD Cryogenics

APD continues to evaluate design alternatives for the 1 OK Joule-Thomson
cryostat. Work to date includes the evaluation of selected orifice size/tube length
combinations to determine the optimal combination to meet performance requirements.
This work is being based partially upon existing empirical data. Work will begin in
January to prepare a preliminary layout. Due to funding constraints, APD was not put.
under contract until 23 November. It is expected that their activity will be completed by
the end of January.

General Pneumatics (GP)

A computer model has been developed for analyzing the two-phase compressible
flow in the Joule-Thomson expander. Preliminary parametric optimization studies have
been completed, the results of which have been incorporated into a detailed design layout.
The design takes into consideration both refrigerant and heat load management by taking
advantage of the orifice jet fluid dynamics to collect the solid hydrogen snow. GP's
technical status summary is presented in Appendix B.

Aeroiet Heat Exchanger Activity

Due to the excellent progress that ACE is making, and the uncertainty regarding
whether the low-pressure heat exchangers will be included in the system, Aerojet will not
independently address this heat exchanger. Instead, with Phillips Laboratory concurrence,
resources originally earmarked for this effort were allocated to support subcontractor
activities and to conduct further parametric trades on system performance.

As discussed previously, analysis performed in December has shown that the
system will operate at the upper VEW limit (250Kg) without these heat exchangers. Their
ultimate inclusion in the system will depend upon the added risk of doing so weighed
against predicted performance gains (as previously presented) and the potential for
unexpected erosion in the margins used in the analysis. ACE has been tasked with
showing the feasibility of these heat exchangers, so that they will be available should their
use be chosen.

3.0 OTHER ACTIVITIES

System Design Review (SDR)

Unclassified
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Activities to prepare for this review will start during January. A draft agenda will
be developed and provided to Phillips Laboratory for comments and review.

4.0 PLANS FOR JANUARY

The following activities are planned for January:

1) Conclude technical activity with subcontractors.

2) Schedule and conduct on-site technical reviews of subcontractor activities.

3) Begin preparation for the System Design Review and establish the review date.

4) Complete documentation of the parametric trade study results.

5) Prepare the option phase I statement-of-work.

Unclassified
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1.0 Summary

Option I Phase program activities and progress continued during the month of July. A
tailored Scope of Work consistent with funding limitations continues to be followed.
Progress is shown in Figure 1, which presents a detailed milestone schedule for the
Option 1 Phase. During the month, system thermal/thermodynamic modeling continued
and efforts began to define the statement-of-work for APD Cryogenics and General
Pneumatics. System thermodynamic modeling is currently centered around the expander
portion of the cryocooler. It is expected that this model section will be completed 1
October. The draft SOW's are currently being finalized and it is expected that formal
subcontract negotiations will commence early August. Two informal meetings were held
during the month at Phillips Laboratory to provide an update on program status and to
discuss computer modeling requirements. The draft Program Plan for the Option I Phase
was also submitted.

For the remainder of GFY 1993, program activities will continue to be centered around
system thermal/thermodynamic modeling, subcontractor SOW definition and subcontract
negotiation, and (as necessary) updating the system baseline configuration. These
activities will put the program in an optimal position to aggressively resume with
expected GFY 1994 funding.

2.0 Technical Progress

The following sections status the progress accomplished during July for each of the
principal technical tasks.

2.1 Cryocooler Preliminary Design

2.1.1 System Baseline Configuration Update

The system baseline configuration is shown in Figure 2. This activity (which began
mid-July) includes the updating and modification of this configuration (as necessary)
based upon the findings of ongoing design and analysis. Activities to date have indicated
no need for any changes in the system configuration.

Future analysis using the computer simulation tool (which is under development, see
Section 2.1.2) will permit detailed investigation into the impact of design modifications on
performance, particularly modifications which could result in substantial risk reduction.
For example, the impact of removing regeneration from the ZrNi compressor assembly
will be investigated further. Preliminary calculations done during the Basic Phase show an
increase in vehicle effective weight of 12 kgs if this were done. Aerojet will work closely
with Phillips Laboratory and obtain concurrence prior to any updating and modification
to the baseline configuration.

qs"



July 1993

Figure 1: 10 Kelvin Cryocooler Development - Option 1 Phase
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Figure 2: Baseline System Configuration
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2.1.2 Cryocooler Computer Simulation

Thermal/thermodynamic modeling continued during July. The detailed model under
development will permit evaluation of cryocooler steady-state and transient performance
at both on- and off- design point operating conditions. This model will be updated as
empirical data becomes available from subcontractor J-T Snow Blower testing and will be
used to assist in preliminary design activities. At PDR, this model will be representative
of the presented cryocooler preliminary design. The model will be constructed in a
flexible and modular fashion to easily permit the evaluation of system configuration and
component design changes. The specific development objectives and attributes for the
model are summarized in Table 1.

Table 1: Computer Simulation Tool Development Objectives And Attributes

The Tool Being Developed Should:
1) Be A Design Tool
2) Be A Performance Tool
3) Be User-Friendly
4) Be Highly Modular
5) Contain Sufficient, But Not Superfluous Detail
6) Provide Component Weights

A meeting was held with Brian Whitney at Phillips Laboratory on 16 July to review these
development objectives, obtain concurrence and discuss potential modeling tools to be
used. A search to find the optimum tool was then initiated. Figure 3 discusses the tools
available and their pro's and con's. Reviewing the objectives and evaluating each of the
tools' features led us to conclude that SINDA85 best meets our objectives. The submodel
capability of SINDA85 allows the user to separate the model into different modules and
couple them as appropriate. Different model configurations can therefore be analyzed in
a shorter turnaround time. The Fluid Flow Analysis option keeps track of the pressure
drop and thermodynamic changes as the working fluid moves through the different
cryocooler components. Furthermore, SINDA85 is considered an industry standard
making it highly transportable.

A schematic of the cryocooler configuration being modeled is shown in Figure 4. The
approach to be followed in developing the thermal model is to separate the cryocooler
into three sections: The expander section, the regenerative section, and the compressor
section; and develop each section as a stand alone submodel. When all sections are
completed, they will be integrated into a single model. A brief description of each section
is discussed below.

A) Expander Section

This section includes the recuperative heat exchangers, the precoolers and the cryostats
for the second and third stages. Although removed from the baseline, the critical
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component low pressure heat exchangers will be included as an option. The first stage is
assumed to be a mechanical cooler and its performance data will be used as input to the
precooling and 80K loads.

B) Regenerative Section

This section includes the heat rejection radiator, the circulator and the regenerative loop
for the hydride compressors.

Figure 3: Survey of Thermal Analysis Tools

TOOL PRO's CON's
SINDA85 * Widely used and - Fluid analysis option not

recognized in the thermal straightforward.
analysis community.
"* Submodel capability
"* Extensive fluid analysis
capabilities.
- Easily transportable.

FORTRAN77 - Software can be • Substantial development effort
developed to meet required.
sorption's particular needs.
- Can include a model-
generator through a user-
friendly interface.

SINDA87 . Widely used in the • Requires license fee.
thermal analysis - No fluid analysis option in the
community. in-house version.

EXCEL - Highly transportable. • Unsuitable for detailed thermal
• User-friendly. analysis; especially during
• Suitable for top level transient operation.
analysis. • May prove inadequate as a

design tool.
STARFIRE - Aerojet in-house thermal - Thermal model needs to be

analyzer. translated into SINDA format
e Easier to use than other when delivered to the customer.
analyzers. * No submodel option.
* Options allow user to
write his/her own

1 subroutines

LIc
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Figure 4: Schematic of Computer Simulation Model
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C) Compressor Section

The Compressor Section is the most complex part of the model. The regenerative
compressors are the heart of this cryocooler. It is important that the model accurately
reflect the processes taking place during absorption and desorption; such as heat of
reaction, concentration vs temperature and pressure, change in enthalpy, etc. Each
compressor element must follow the operational sequence - heating, desorbing, cooling,
absorbing - and be synchronized with the remaining elements. In order to properly
simulate the compressor behavior, a very detailed modeling effort is necessary.

D) Model Integration

This effort integrates the sections discussed above into a single detailed model. This
model will make extensive use of the submodel capability of SINDA85 to create modules
that represent the different elements of the cryocooler. The advantage of this modular
approach is that it allows for flexibility and traceability. Elements can easily be
connected or disconnected using the BUILD card and some simple additional adjustments
to the model. Different cryocooler configurations can be analyzed in a much shorter
turnaround time.

It is intended to use GASPAK as the source of fluid properties. GASPAK is an
integrated code of thermodynamic equations for properties of fluids and is available from
Cryodata Inc. The source code can be modified and incorporated into other programs as a
subroutine call. Thus, GASPAK will be used as a subroutine called from SINDA85.

The fluid submodel of the second-stage expander section is near completion. The entire
expander section, including second- and third-stage loops, is expected to be completed by
1 October 1993.

2.2 J-T Snow Blower

2.2.1 Design, Fabricate and Test

Efforts began during the month of July to define the statement-of-work (SOW) for APD
Cryogenics (APD) and General Pneumatics (GP). Preliminary discussions have been held
and draft SOW's have been prepared. These drafts are currently under review by each
vendor as well as Aerojet subcontract management to ensure proper compliance and
flowdown with the prime contract.

It is expected that the SOW's will be finalized during early August, at which time formal
subcontract negotiations will commence with both APD & GP. Subcontractor activities
will be initiated as quickly as possible in GFY 1994 when additional funding is received.

The goal of the subcontract activities is to demonstrate continuous 10 Kelvin temperature
by the creation and management of solid hydrogen. The temperature stability at 10
Kelvin, proper heat load management, and a producible, reliable design are the key issues
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in validating and demonstrating feasibility. The work will build upon the hardware
concepts developed by both APD & GP during the Basic Phase. It is expected that the
prototype hardware resulting from this work will be easily adaptable for integration into
the Cryocooler Engineering Development Model which will be fabricated and tested
during the Option 2 phase.

The current schedule (See Figure 1) shows for both subcontractors approximately 10
months elapsed time from subcontract go-ahead until completion. Preliminary
discussions with both APD and GP indicate that possibly each will need less time to
demonstrate the feasibility of their particular approaches. If true, this will translate into a
direct Option I phase schedule savings as the subcontract development activities are on
the critical path. Each subcontractor's development schedule will be firmed up during
August. The Option I phase schedule will then be adjusted to reflect any identified
savings.

Although each subcontractor's approach is unique, there are common tasks and features to
their SOW's. This includes:

* Further design analysis - to predict performance and behavior.

Development of a flight unit conceptual layout - to show how the
prototype designs are representative of flight hardware and also to provide
a basis for development.

Prototype detailed design - followed by a CDR at Aerojet's Azusa facility
prior to fabrication commitment. Government participation at the CDR is
encouraged and requested.

Prototype fabrication. assembly and test - to validate and demonstrate
each approach. Testing will be conducted at both design point and off
design point conditions, in accordance with an approved test plan. At the
conclusion of subcontractor testing, the prototype hardware will be
delivered to Aerojet for further testing. As an option, the hardware
could also be forwarded to Phillips Laboratory for testing at their
facility.

The subcontractors will also participate in program TIM meetings and the program PDR
at the Option I phase conclusion. They will provide monthly progress, status and
management report inputs to Aerojet which will be attached as appendices to Aerojet's
monthly report to Phillips Laboratory. This will ensure that the progress of each
subcontractor can be easily monitored.

3.0 CDRL's

The CDRL delivery schedule is presented in Figure 1. The following CDRL's were
delivered during July:
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Draft Program Plan (CDRL AOO1) - The draft Option I Phase Program Plan was
delivered 8 July 1993. The Program Plan will be finalized and delivered upon receipt of
government comments.

June 1993 Monthly R&D Project Status Report (CDRL A003) - delivered 8 July 1993.

June 1993 Monthly Performance and Cost Report (CDRL A0 11) - delivered 21 July
1993.

4.0 Other Activities
Program Evaluation for Areas of Possible Schedule Reduction

To minimize the impact of funding constraints on the overall cryocooler development
schedule, the program plan and Option I phase schedule continue to be evaluated for
areas of potential schedule savings. The goal is to reduce the current 19 month Option 1
phase schedule without incurring additional cost or risk. A key factor in shortening the
schedule will be the subcontractor development efforts, which are critical path activities
and will not be initiated until GFY 1994 due to funding limitations. As discussed in
Section 2.2.1 the subcontractor development schedules may be shorter than originally
envisioned, thus yielding a schedule savings.

Informal Meetings At Phillips laboratory

Two informal meetings were held with Brian Whitney at Phillips Laboratory during the
week of 16 July. Aerojet personnel were in Albuquerque to attend the Cryogenic
Engineering Conference. On 13 July Neil Sherman (Program Manager) met with Brian
Whitney to provide an update on program status. On 16 July Forrest Cleveland
(Program Technical Director) met with Brian Whitney for detailed discussions of
computer modeling objectives and requirements.

5.0 Plans for August

The following activities are planned for August:

1) Incorporate comments and submit finalized program plan to Phillips
Laboratory.

2) Continue thermal/thermodynamic modeling activity.

3) Refine baseline cryocooler configuration (as necessary).

4) Finalize subcontractor SOW's and conduct subcontract negotiations with
General Pneumatics and APD Cryogenics.

5) Continue to evaluate Option I phase for areas of possible schedule
reduction.
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1.0 Summary

Option 1 Phase program activities and progress continued during the month of
September. A tailored Scope of Work consistent with funding limitations continues to be
followed. Progress is shown in Figure 1, which presents a detailed milestone schedule for
the Option I Phase. During September, system thermal/thermodynamic modeling
continued and updated cost estimates for Option I phase subcontract activities were
prepared by APD Cryogenics and General Pneumatics. At month end, subcontract
negotiations with General Pneumatic were completed and negotiations with APD
Cryogenics were continuing. System thermodynamic modeling continues to be centered
around the expander portion of the cryocooler. Modeling of the second-stage expander
loop has been completed. Modeling of the entire expander loop (i.e., including the third-
stage) is expected to be completed by mid-October, at which point the basic elements will
be in place to conduct expander loop trade and design studies.

2.0 Technical Progress

The following sections status the progress accomplished during September for each of the
principal technical tasks. They are presented in the order which they appear on the
detailed milestone schedule (Figure 1), which also provides a cross-reference with the
contract WBS (CWB S).

2.1 J-T Snow Blower

2.1.1 Design, Fabricate and Test

During September, updated cost estimates for the Option 1 Phase subcontract activities
were prepared by APD Cryogenics and General Pneumatics. Additionally, formal
subcontract negotiations with General Pneumatics were completed. Subcontract
negotiations with APD Cryogenics are continuing, and are expected to be completed by
mid-October. A detailed review with Phillips Laboratory personnel of each
subcontractor's expected activities will be on the agenda of the informal working meeting
expected to take place in October (See Section 4.0). Subcontractor efforts will commence
in October upon receipt of GFY '94 funding.

2.2 Preliminary Cryocooler Design

2.2.1 Cryocooler Computer Simulation

The thermal model of the cryocooler system expander is near completion. The progress
achieved during September is discussed below.
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Figure 1: 10 Kelvin Cryocooler Development Schedule - Option 1 Phase
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The integration of GASPAK into the SINDA85 environment has been completed. The
thermodynamic and transport properties for normal hydrogen and other cryogenic fluids
are now available. The integration has been validated by creating a cooling loop similar to
the second-stage loop, but using a working fluid common to both SINDA and GASPAK.
That fluid was Propane. A comparison of the results showed excellent agreement.

The exercise of creating a new cooling loop for comparison purposes showed the
versatility of SiNDA/FLUINT as an analysis tool. The thermal model, with
corresponding pressures and temperature levels, was completed in less than three hours.

Upon comparing the performance between the SINDA built-in fluid and the GASPAK-
supplied fluid configurations, the execution time was slower in the GASPAK run. Efforts
are underway to optimize the use of GASPAK calls to speed up program execution. The
difference in execution time however is not significant and will have no impact on
productivity.

Once GASPAK became operational in SINDA, efforts to complete the third stage were
begun. A schematic is shown in Figure 2. The third stage is thermally coupled to the
second-stage reservoir just before the J-T valve and is driven by the low-pressure
sorption compressor. This compressor is being simulated by two plenums representing
the pressure states of the compressor as it thermally cycles. Currently, GASPAK does
not handle temperatures and pressures below the triple point. Properties in this regime
are necessary for modeling solid hydrogen behavior and will be incorporated as required.
Modeling is expected to be completed mid-October, at which point the basic elements for
expander loop trade and design studies will be in place.

3.0 CDRL's

The CDRL delivery schedule is presented in Figure 1. The following CDRL's were
delivered during September-

1-) Option I Phase Finalized Program Plan (CDRL A001)
Delivered 27 September 1993

2) August 1993 Monthly R&D Proiect Status Report (CDRL A003)
Delivered 14 September 1993

3) August 1993 Monthly Performance and Cost Report (CDRL A01 1)
Delivered 16 September 1993
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Figure 2: 3rd Stage Expander Loop
(Driven by the low pressure compressor)
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4.0 Other Activities

Program Evaluation for Areas of Schedule Reduction

This activity continues and it will be an ongoing program philosophy to seek
improvement upon schedule without incurring additional cost or risk. As reported last
month, indications are that a one to two month decrease in the Option I Phase will
potentially result from shorter than expected subcontractor development activities.
Further evaluation of the Option I Phase and the overall program will be permitted in
October when GFY '94 funding levels are established.

Informal Working Meeting At Aerpjet Facility With Phillips Laboratory Personnel

An informal working meeting with Phillips Laboratory personnel is being planned at the
Aerojet Facility during October. The purpose of this meeting will be to status the
program progress to date and to determine the best way to proceed with the GFY 1994
funding levels. Prior to the meeting, an agenda of discussion items will be forwarded to
Phillips Laboratory for concurrence.

5.0 Plans for October

The following activities are planned for October:

1) Continue thermal/thermodynamic modeling activity.

2) Complete subcontract negotiations with APD Cryogenics.

3) Initiate subcontractor activities upon receipt of GFY '94 funds.

4) Have informal working meeting with Phillips Laboratory personnel to discuss
program progress and future plans.

4oo
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1.0 Summary

Work on all Option 1 Phase technical activities was stopped early during the month due
to the lack of funding. Prior to this action, a tailored Scope of Work consistent with
funding limitations had been followed since May. Progress is shown in Figure 1, which
presents a detailed milestone schedule for the Option 1 Phase. Indicated progress
reflects the stopping of technical activities. Program management and administration
work order numbers do remain open (supported on residual program funds) to maintain
communications with Phillips Laboratory. Program personnel and resources are being
maintained to ensure an efficient program re-start when expected GFY 1994 funding is
received.

At the time when activities were stopped, subcontract negotiations with General
Pneumatics were completed and negotiations with APD were continuing. Additionally,
thermodynamic modeling of the cryocooler expander loop was nearing completion.

2.0 Technical Progress

Because technical activity was stopped very early in October, there was no significant
progress beyond that reported in last month's Progress, Status and Management Report.
The following sections briefly summarize the status of the principal technical tasks when
activity was halted. They are presented in the order which they appear on the detailed
milestone schedule (Figure 1), which also provides a cross-reference with the contract
WBS (CWBS).

2.1 J-T Snow Blower

2.1.1 Design, Fabricate and Test

Updated cost estimates for the Option I Phase subcontract activities have been prepared
by APD Cryogenics and General Pneumatics. Additionally, formal subcontract
negotiations with General Pneumatics are complete. Subcontract negotiations with APD
Ciyogenics were underway when work was stopped. A detailed review with Phillips
Laboratory personnel of each subcontractor's planned activities will occur during the
informal working meeting expected to take place in November (See Section 4.0).
Subcontractor efforts will commence as soon as possible upon receipt of GFY '94
funding.

2.2 Preliminary Cryocooler Design

2.2.1 Cryocooler Computer Simulation

The thermal model of the cryocooler system expander loop is near completion. Figures 2
and 3 present schematics of the second-and third-stage expander loops, respectively.
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Figure 1: 10 Kelvin Cryocooler Development Schedule - Option 1 Phase
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Figure 2: 2nd Stige Expander Loop
(Driven by the high-pressure compressor)
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Figure 3: 3rd Stage Expander Loop
(Driven by the low-pressure compressor)
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The second-stage expander loop model includes coupling to the
65 K pre-cooling first stage, the recuperative heat exchangers,
the J-T

valve and a cryogen reservoir. This stage is driven by the high-pressure sorption
compressor which is simulated by two plenums representing the compressor pressure
states as it thermally cycles.

The third stage is thermally coupled to the second-stage reservoir just before the J-T
valve and is driven by the low-pressure sorption compressor. This compressor is also
simulated by two plenums representing the pressure states as it thermally cycles.

Modeling is expected to be completed shortly after work resumes, at which point the
basic elements for expander loop trade and design studies will be in place.

3.0 CDRL's

The CDRL delivery schedule is presented in Figure 1. The following CDRL's were
delivered during October:

1) September 1993 Monthly R&D Project Status Report (C DRL A003)
Delivered 14 October 1993

2) September 1993 Monthly Performance and Cost Report (CDRL A0l 1)
Delivered 21 October 1993

4.0 Other Activities

Informal Working Meeting At Aerojet Facility With Phillips Laboratory Personnel

Upon receipt of additional funds, an informal working meeting with Phillips Laboratory
personnel is being planned at the Aerojet Facility during November. The purpose of this
meeting will be to status the program progress to date and to determine the best way to
proceed with the expected GFY 1994 funding levels. Prior to the meeting, an agenda of
discussion items will be forwarded to Phillips Laboratory for concurrence.

5.0 Plans for November

The following activities are planned for November:

1) Receive additional funding from Phillips Laboratory and resume program technical

activities.

2) Have informal working meeting with Phillips Laboratory personnel to status
program progress and to determine future plans.
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1.0 Summary

Work on all Option 1 Phase technical activities has been stopped since early October due
to the lack of funding. Prior to this action, a tailored Scope of Work consistent with
funding limitations had been followed since May. Progress is shown in Figure 1, which
presents a detailed milestone schedule for the Option 1 Phase. Indicated progress
reflects the stopping of technical activities. At the time when activities were stopped,
subcontract negotiations with General Pneumatics were completed and negotiations with
APD were continuing. Additionally, thermodynamic modeling of the cryocooler expander
loop was nearing completion.

A small funding increment was received during November. A working meeting was held
with Brian Whitney of Phillips Laboratory to discuss program progress and to determine
the best way to proceed with the overall expected GFY 1994 funding levels. Detailed
program replanning will commence during December based upon guidelines established at
this meeting and after expected GFY 1994 funding levels are confirmed.

Program management and administration has maintained close communications with
Phillips Laboratory during this work stoppage. Program personnel and resources
continue to be maintained to ensure an efficient program re-start when the program has
been replanned and expected GFY 1994 funding is received.

2.0 Technical Progress

Because technical activity was stopped very early in October, there has been no progress
beyond that reported in last month's Progress, Status and Management Report. In the
interest of providing a reminder, the following sections briefly summarize the status of
the principal technical tasks when activity was halted. They are presented in the order
which they appear on the detailed milestone schedule (Figure 1), which also provides a
cross-reference with the contract WBS (CWBS).

2.1 J-T Snow Blower

2.1.1 Design, Fabricate and Test

Updated cost estimates for the Option 1 Phase subcontract activities have been prepared
by APD Cryogenics and General Pneumatics. Additionally, formal subcontract
negotiations with General Pneumatics are complete. Subcontract negotiations with APD
Cryogenics were underway when work was stopped.

"~7
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Figure 1: 10 Kelvin Cryocooler Development Schedule - Option 1 Phase
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2.2 Preliminary Cryocooler Design

2.2.1 Cryocooler Computer Simulation

The thermal model of the cryocooler system expander loop is near completion. Figures 2
and 3 present schematics of the second-and third-stage expander loops, respectively. The
second-stage expander loop model includes coupling to the 65K pre-cooling first stage,
the recuperative heat exchangers, the J-T valve and the 25K cryogen reservoir. This stage
is driven by the high-pressure sorption compressor which is simulated by two plenums
representing the compressor pressure states as it thermally cycles.

The third-stage expander loop is thermally coupled to the 65K pre-cooling first-stage and
to the second-stage 25K reservoir, just before the third-stage J-T valve. This stage is
driven by the low-pressure sorption compressor. This compressor is also simulated by
two plenums representing the pressure states as it thermally cycles.

Modeling is expected to be completed shortly after work resumes, at which point the
basic elements for expander loop trade and design studies will be in place.

3.0 CDRL's

The CDRL delivery schedule is presented in Figure 1. The following CDRL's were
delivered during November:

1) October 1993 Monthly R&D Project Status Report (CDRL A003)
Delivered 15 November 1993

2) October 1993 Monthly Performance and Cost Repgort (CDRL A01 1)
Delivered 18 November 1993

4.0 Other Activities

Working Meeting At Aerojet Facility With Phillips Laboratory Program Manager

A working meeting with Brian Whitney of Phillips Laboratory was held at Aerojet's
Azusa facility on 18 November. The purpose of the meeting was to status the program
progress to date and to determine the best way to proceed with the expected GFY 1994
funding levels. Guidelines for replanning the program were established at the meeting.
Detailed minutes of the meeting which contain these guidelines have been prepared and
forwarded to Phillips Laboratory for concurrence. Replanning activities will begin during
early December after expected GFY 1994 funding levels have been confirmed.
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Figure 2: Second-Stage Expander Loop
(Driven by the high-pressure compressor)
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Figure 3: Third-Stage Expander Loop

(Driven by the low-pressure compressor)
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5.0 Plans for December

The following activities are planned for December:

1) Replan the program based upon guidelines established at the 18 November
working meeting (pending confirmation of funding levels).

2) Obtain AFPL approval for replanned program and resume technical activities.
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